Introduction
============

The skeletal system is one of the most important systems found in the human body. It serves as the body's structural support center, provides a framework for attachment of tissues, protects vital organs and helps direct the forces necessary for movement. Bones also act as a reservoir of calcium and phosphate, two compounds used for numerous metabolic processes.[@R1] These essential functions lend to the importance of maintaining a healthy skeletal system. Skeleton develops and grows through a process called bone modeling,[@R2] which leads to a net gain in bone mass and size. Bone homeostasis is maintained through bone remodeling in adult. Bone remodeling is a lifelong process and is achieved via a finely regulated balance between bone formation and resorption.[@R3]^,^[@R4]

All bones in the body continuously undergo remodeling, a process of removal of old bone and formation of new bone material.[@R3]^,^[@R4] Usually bone formation matches bone resorption during this process for no net change in bone mass; however, osteoporosis is believed to be the result of a disparity between resorption and formation rates during remodeling.[@R5] When bone is removed faster than it is replaced, bone mass, especially that of trabecular bone, decreases. Osteoporosis is a major disease characterized by a progressive decline in bone mineral density, which results in a dramatic increase in fracture risk for elderly individuals, especially in post-menopausal women.[@R6] In order to prevent and treat osteoporosis, two main types of strategies have been applied: antiresorptive ones that slow the progression of bone resorption and anabolic ones that help stimulate bone formation.[@R7]

To ensure mechanical competence, bone tissue adapts its mass, architecture and mechanical properties to meet the prevailing dynamic loading environment. Bone's adaptive response is regulated by the ability of resident bone cells to perceive and translate mechanical energy (e.g., from muscle contraction, substrate reaction forces, and gravity) into a cascade of structural and biochemical changes within the cells---a process known as mechanotransduction.[@R8] The cellular products resulting from a transduced mechanical signal provide the signals necessary to fine tune---via bone resorption and/or formation---bone architecture and mass to adequately resist future loads.[@R9]^,^[@R10] Osteoblasts are sensitive to mechanical environment and can generate anabolic response to mechanical stimulation. Therefore, exercise has been recommended as a useful way to improve bone strength. Many studies have shown exercise has effects on bone mass, the mineral content, size and shape. Numerous research studies demonstrate that exercise promotes and enhances the health of a person's bones.

Understanding the underlying mechanisms of how bone remodeling is regulated and how bone response to mechanical stimulation will be helpful for discovering new targets to treat osteoporosis. Two major types of bone cells, osteoblasts and osteoclasts, which are responsible for bone formation and resorption, are directly involved in bone modeling and remodeling. Osteoblasts and osteoclasts are regulated, in part, by many local factors including cytokines in the bone microenvironment. Many cytokine signaling pathways have been found in bone cells, including the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway. The intent of this paper is to discuss the role of the JAK-STAT pathway in bone metabolism with the emphasis on STAT3.

The JAK-STAT pathway was originally identified as a receptor-activated pathway responsive primarily to interferon (IFN)-gamma and members of the interleukin-6 (IL-6) family. Members of the JAK family include JAK1, JAK2, JAK3 and Tyk2. All exhibit broad patterns of expression, except JAK3 whose expression is restricted to leukocytes. STAT proteins were originally discovered as latent cytoplasmic transcription factors two decades ago.[@R11] There are seven known mammalian STAT proteins, STAT 1, 2, 3, 4, 5A, 5B, and 6.[@R12] The STAT pathway can be activated via several means. Phosphorylation of STAT is initiated by cytokine binding to cell-surface cytokine receptors via the JAK-STAT pathway. The intracellular domains of many cytokine receptors, mainly IL-6 receptors, are physically associated with tyrosine kinases of the Janus kinase (JAK) family. IL-6 belongs to the IL-6 family (or gp130 family), which is composed of IL-6, IL-11, oncostatin M (OSM), leukemia inhibitory factor (LIF), cardiotrophin-1 (CT-1), and novel neurotrophin-1/B-cell stimulatory factor-3.[@R13]^,^[@R14] They are pleiotropic cytokines, sharing the glycoprotein chain gp130 as a common signal transducer.[@R13]^,^[@R15]^,^[@R16] The binding of IL-6 family cytokines to their receptors induces the homodimerization of gp130 and subsequently activates the gp130-associated JAKs.[@R17] The activated JAKs phosphorylate the tyrosine residue of the YXXQ motif, leading to the recruitment through binding at the SH2 domain and tyrosine phosphorylation at the cytoplasmic tail of STATs. Activated STATs dimerize, enter the nucleus and regulate the transcription of various genes that regulate cell proliferation and differentiation in a cell-specific manner.[@R18] In addition, JAKs can also be activated in response to distinct ligands that bind to G-protein-coupled receptors and stimulated STAT tyrosine phosphorylation. Furthermore, the STATs can be phosphorylated by growth factor binding to receptor tyrosine kinases, such as the epidermal growth factor (EGF) receptor and the platelet-derived growth factor (PDGF) receptor.

The JAK-STAT pathway plays a crucial role in the growth and differentiation of a variety of cell types. Although the significance of the JAK-STAT pathway in musculoskeletal system has not been well characterized, increasing evidence suggests that this pathway may be involved in regulation of bone homeostasis and bone response to mechanical loading. It is interesting to note that many cytokines that activate JAK-STAT signaling pathway affect osteoblast and osteoclast differentiation and proliferation. For example, the gp130 family of cytokines, including IL-6, IL-11, and oncostatin M, are expressed in osteoblasts and osteocytes and play an important role in osteoblast differentiation and bone formation.[@R19] IL-6 and IL-11 in bone cells have been shown to increase with mechanical stimulation.[@R20] Further, EGFR signaling suppresses osteoblast differentiation inhibits expression of master osteoblastic transcription factors Runx2 and Osterix.[@R21] PDGF regulates bone formation and plays an important role in bone fracture repair and regeneration.[@R22] Both EGFR and PDGFR signaling may be mediated by JAK-STAT pathway. However, the role of JAK-STAT signaling in bone homeostasis has not been extensively investigated despite the fact that almost all the JAKs and STATs are expressed in osteoblasts and osteoclasts.

JAK-STAT and Skeletal Development
=================================

The study of JAK and STAT knockout animals suggests that the JAK-STAT signaling pathway is important for skeletal development although not all the JAKs and STATs are equally essential for osteoblast and osteoclast biology. [Table 1](#T1){ref-type="table"} summarizes the influence of JAKs and STATs on skeletal development from knockout animals.

###### **Table 1.** JAK-STAT and bone development

  Deleted genes                   Lethality                                     Bone phenotype
  ------------------------------- --------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **JAKs**                                                                       
  JAK1[@R26]                      Die perinatally                               Significantly small body mass.
  JAK2[@R27]^,^[@R28]             JAK2 knockout mice died of anemia at E12.5.   Unknown.
  JAK3[@R64]^,^[@R65]             \-                                            JAK3^−/−^ mice are born normally and develop in an indistinguishable manner from wild-type littermates and show no gross abnormality.
  Tyk2[@R24]^,^[@R25]             \-                                            TYK2-deficient mice are viable and fertile and show no obvious phenotype.
  **STATs**                                                                      
  STAT1[@R34]^-^[@R36]            \-                                            STAT1^−/−^ mice have higher bone density, but are indistinguishable from their normal counterparts on the basis of size, activity, or ability to reproduce.
  STAT2[@R43]                     \-                                            The STAT2 null mice developed and bred normally in specific pathogen-free environment.
  STAT3[@R38]^,^[@R60]^,^[@R62]   STAT3**^−/−^** embryos die at E6.5--7.5       Selective inactivation of STAT3 in bone causes osteoporosis.
  STAT4[@R42]^,^[@R45]            \-                                            STAT4^−/−^ mice are grossly indistinguishable from their wild-type littermates.
  STAT5A/5B[@R30]^-^[@R32]        \-                                            The male and female STAT5A/5B double mutant mice, as well as the male STAT5B mutant mice are significantly smaller than their wild-type littermates. No effect is seen in the STAT5A mutant mice.
  STAT6[@R41]^,^[@R44]^,^[@R46]   \-                                            STAT6^−/−^ mice are grossly indistinguishable from their littermate controls.

JAK1, JAK2, and Tyk2 are expressed in bone cells and are involved in bone formation. For example, OSM is able to induce a rapid tyrosine phosphorylation of JAK1, JAK2, and Tyk2 in murine calvarial-derived osteoblastic cells.[@R23] Among these 3 JAK family members, Tyk2 is not directly related to any developmental defects in skeleton because Tyk2-deficient mice are viable and fertile and show no obvious phenotype.[@R24]^,^[@R25] JAK1 knockout mice die perinatally, but show a significantly small body mass in comparison with their littermates.[@R26] Newborn JAK1-deficient mice weigh 40% less than their heterozygous or wild-type littermates. These data indicate bone growth delays without JAK1 in embryo, suggesting JAK1 is critical for skeletal development. Global JAK2 knockout mice die of anemia at E12.5 before bone formation starts.[@R27]^,^[@R28] The study of mouse embryonic fibroblasts derived from JAK2 null embryos and their wild-type littermate controls demonstrates that JAK2 deficiency decouples growth hormone-receptor signaling from its downstream mediators, the STAT 5A and 5B.[@R27]^,^[@R28] This implies that JAK2 may be also involved in bone development because the growth hormone essential for normal bone development. Unfortunately, no histological examination has been done on JAK1- or JAK2-deficient bone tissues so far. The underlying mechanism of how JAK1 and JAK2 affect signaling pathways in osteoblasts remains however to be investigated. One useful approach is to generate mice with selective inactivation of JAK2 in bone cells using the conditional JAK2 knockout mice and the study skeletal phenotype of these mice to further disclose detailed functions of JAK2 in osteoblasts and osteoclasts.[@R29]

All the STAT genes and proteins have been located in bone tissues. Among the seven STATs, only STAT5A and STAT5B knockout mice show obviously defective bone development.[@R30]^-^[@R32] STAT5A and STAT5B are functionally quite pleiotropic. Biochemical and genetic studies have underscored the important role that STAT5A and STAT5B plays in directing a biological response to the IL-3 (IL-3, IL-5, and granulocyte-macrophage colony-stimulating factor), single-chain (e.g., growth hormone, prolactin, thrombopoietin, and erythropoietin), and **γ**c (i.e., the IL-2, IL-7, IL-9, IL-15, and possibly IL-21) receptor families.[@R33] The extensive sequence similarity between STAT5A and STAT5B (\~96% amino acid identity) explains their functional redundancy. But, the responses to prolactin and growth hormone favor STAT5A and STAT5B, respectively. The male and female STAT5A/5B double mutant mice weighed 30--40% and 20--30% less than their wild-type littermates.[@R31] Normal body mass is seen in the STAT5A mutant mice, while the male STAT5B mice are consistently 20--30% smaller than their wild-type littermates. These data show a delayed bone growth in STAT5A/5B mutant mice. The delayed skeletal development caused by STAT5A/5B mutation is consistent with IGF-1 function in bone. IGF-1 levels were significantly reduced in STAT5A/B mutant male relative to wild-type and female mice.[@R31] The levels of serum IGF-1 were significantly reduced in male STAT5B mutant mice but not in the females, while the levels were normal in both male and female STAT5A mutant mice.

STAT1 and STAT3 influence skeletal development in different ways. STAT1 target genes appear to promote inflammation and antagonize proliferation. This contrasts the pro-proliferative and anti-inflammatory activities associated with STAT3. Thus, the ability of several cytokines to activate both STAT1 and STAT3 (e.g., members of the IFN-I and IL-6 families) may reflect an effort to achieve a more balanced response. The opposing effects of STAT1 and STAT3 exist in bone tissue.

Although STAT1^−/−^ mice are indistinguishable from their normal controls,[@R34]^,^[@R35] inactivation of STAT1 actually leads to an osteopetrotic bone (higher bone mass) phenotype in mouse when bone mineral content is measured.[@R36] This can be explained by the inhibitory effect of STAT1 on Runx2 transcription in osteoblasts. Runx2 is the master transcription factor of osteoblast differentiation. Consistent with the higher bone mass in STAT1-deficient mice, inactivation STAT1 can accelerate fracture repair.[@R37] These data suggest that STAT1 negatively regulates bone formation in vivo.

STAT3 is essential for early embryonic development because targeted disruption of the mouse STAT3 gene leads to embryonic lethality at 6.5--7.5 d.[@R38] Tissue-specific deletion of STAT3 has demonstrated that STAT3 plays a crucial role in a variety of biological functions, including cell growth, suppression of apoptosis, and cell motility. STAT3 is a key signal transduction protein that mediates signaling by numerous cytokines, growth factors and oncoproteins.[@R39] Upon stimulation, STAT3 is activated by tyrosine and serine phosphorylation, dimerizes, and translocates to the nucleus, where it binds specific gene-promoter sequences and induces gene expression. Genes that are regulated by activated STAT3 include antiapoptotic and proliferation-associated genes such as Bcl-xL, Bcl-2, Fas, Cyclin D1, Survivin, and c-Myc.[@R40] Selective inactivation of STAT3 in osteoblasts causes smaller body mass and lower bone mass due to inhibition of bone formation, suggesting an important role of STAT3 in bone development. About 10% of those mice have severe spinal deformation. Histological examination of the deformed spine discloses abnormal morphology of the growth plate at the vertebral body with a delay in endochondral ossification ([Fig. 1](#F1){ref-type="fig"}). Further, STAT3 signaling is also critical for maintaining bone homeostasis and this will be discussed later in the paper.

![**Figure 1.** Kyphosis of a mouse with selective inactivation of STAT3 in osteoblasts/osteocytes occurs at the thoracic and lumbar regions in a radiograph (**A**). Histological examination at the spine (white square) shows deformity of vertebral bodies (**B**). Enlarged images of the histological section (yellow square) shows abnormally delayed endochondral ossicification as indication by the arrow (**C**). The histological section was stained with Von Kossa stain and bone tissues are stained black.](jkst-2-e23930-g1){#F1}

STAT2, STAT4, and STAT6 might not play a role in skeletal development because STAT2, STAT4, and STAT6 null mice are viable and fertile and show no overt phenotypic abnormalities.[@R41]^-^[@R46] But, all of these three STATs may be involved in bone metabolism. For example, STAT2 may affect osteoblast indirectly via STAT1 since it heterodimerizes with STAT1 and the basal level of STAT1 is dependent on STAT2.[@R43] STAT4 is essential for mediating responses to IL-12.[@R42] A previous study has shown the inhibitory effect of IL-12 on macrophage colony stimulating factor/the receptor activator of nuclear factor-κB ligand-induced osteoclastogenesis.[@R47] STAT6 is linked to inhibitory effect of IL-4 and IL-13 on osteoclast differentiation and osteoprotegerin production.[@R48] However, STAT4 and STAT6 may play more critical role in arthritis, compared with other STATs, because STAT4 and STAT6 are induced by macrophage in synovial tissues from arthritis patients,[@R49] which may contribute to Th1-mediated inflammation in arthritis.

STAT3 and Bone Homeostasis
==========================

Among all the STATs, STAT3 is probably the most important transcription factor mediating intracellular signaling in osteoblasts and osteoclasts. In humans, STAT3 mutations reduce bone mass and increase incidence of minimal trauma fractures. In 2007 two independent groups of scientists from the US and Japan identified STAT3 mutation as the cause of a rare immunodeficiency disorder, Job syndrome, also known as hyperimmunoglobulin E syndrome (HIES).[@R50]^,^[@R51] These two groups have identified multiple point mutations in STAT3, most of which are located in the DNA binding domain.[@R50]^,^[@R51] Job syndrome, which was first reported in 1966,[@R52] is an autosomal dominant multisystem disorder characterized by recurrent skin and pulmonary infections and extremely elevated levels of IgE in serum. Most of patients with Job syndrome have associated craniofacial and skeletal features ([Fig. 2](#F2){ref-type="fig"}).[@R53] Common findings among patients are recurrent fractures (in 57% of patients), hyperextensible joints (in 68% of patients), and scoliosis (in 76% of patients 16 y of age or older).[@R54] Reduced bone mineral density is found in 64% of children and 54% of adults with HIES. Bone histology shows increased osteoclasts in spite of bisphosphonate treatment and osteomalacia.[@R50] These clinical studies indicate that STAT3 mutation increases osteoclast number and bone resorption, suggesting that STAT3 play a role in osteoclast recruitment and activity. In addition, recurrent pathologic fractures occur most commonly in the long bones and ribs. The fractures do not occur at the same sites of typical osteoporosis in postmenopausal females. These findings indicate that STAT3 mutation has a detrimental effect on bone quality despite bone mineral content, which is likely related to mineralization. Overall, these clinical findings suggest the STAT3 mutations cause an increased bone resorption and abnormal bone formation.

![**Figure 2.** Scoliosis (**A**), minimal trauma pathological fracture at femur (**B**) and rickets (**C**) in HIES patients. Adapted from *Primary Immunodeficiency Diseases: A Molecular and Cellular Approach*, edited by Ochs, Smith and Puck. 2006.](jkst-2-e23930-g2){#F2}

STAT3 mediates anabolic signals in osteoblasts and regulates bone formation. Stromal/osteoblastic cells express receptors for all members of the cytokine subfamily, such as IL-6, IL-11, etc., that share the gp130 signal transducer.[@R55] Activation of the JAK-STAT3 signal transduction pathway promotes osteoblast differentiation, as shown by increased alkaline phosphatase activity and osteocalcin expression in vitro.[@R19]^,^[@R23] Disruption of gp130 leads to defects in cartilage and bone development and metabolism. Sims et al. analyzed two lines of gp130 knock-in mice (gp130*^ΔSTAT/ΔSTAT^* and gp130*^Y757F/Y757F^*).[@R56] gp130*^ΔSTAT/ΔSTAT^* exhibited bone shortening as a result of reduced chondrocyte differentiation. In another study using *gp130*^−/−^ mice, osteoblasts are fewer in number in trabecular bone and exhibit widespread abnormalities of differentiated function.[@R57] Osteoblasts from those mice exhibit decreased alkaline phosphatase mRNA and protein, both in vivo and in cultured osteoblasts. Because gp130*^ΔSTAT/ΔSTAT^* and *gp130*^−/−^ are defective for all signals dependent on the cytoplasmic tail of gp130, including STAT3 activation, these results suggested that STAT3 is required for chondrocyte differentiation and osteoblast differentiation and function.

More direct evidence showing the role of STAT3 in osteoblasts have been acquired from bone-selective STAT3 knockout (KO) mice, in which inactivation of STAT3 occurs in osteoblasts/osteocytes. These conditional STAT3 KO mice are generated by breeding the transgenic mice in which Cre recombinase cDNA is cloned downstream of a 3.6 or 2.3 kb fragment of the rat Col1a1 promoter (Col3.6-Cre and Col2.3-Cre, respectively)[@R58] with a strain of floxed mice in which the two loxP sites flank exons 18--20 of the STAT3 gene.[@R59] Mice engineered with bone selective inactivation of STAT3 in osteoblasts and osteocytes exhibited significantly lower bone mineral density (7--12%, *P* \< 0.05) and reduced ultimate force (21--34%, *P* \< 0.01) compared with their age-matched littermate controls. This is consistent with a previous report showing that the mice with osteoblast-specific disruption of the *STAT3* gene via the Cre-LoxP recombination system using α1(I)-collagen promoter Cre transgenic mice[@R60] show an osteoporotic phenotype because of a reduced bone formation rate. These data clearly indicate that the STAT3 signal in osteoblasts plays a pivotal role in bone formation in vivo.

JAK-STAT pathway is involved in mechanotransduction. Mechanical Stretch activates JAK1, JAK2, Tyk2, STAT1, and STAT3 in rat cardiomyocytes.[@R61] Our unpublished microarray data and immunohistochemical staining using a normal rat model have shown that STAT3 mRNA and protein levels markedly increase in response to mechanical loading ([Fig. 3](#F3){ref-type="fig"}). In addition, as indicated by STAT3 phosphorylation in MC3T3-E1 osteoblastic cells, STAT3 activity significantly increases in response to fluid shear stress from 30 to 90 min.[@R62] In order to further demonstrate the role that STAT3 plays in bone responsiveness to loading, the right ulnae of 16-week-old bone-specific STAT3 KO mice and the age-matched control mice were loaded with peak forces of 2.5 N and 2.75 N for female and male mice, respectively, at 2 Hz, 120 cycles/day for 3 consecutive days. The bone formation response was measured using histomorphometry. Mice with inactivation of STAT3 specific in bone were significantly less responsive to mechanical loading than the control mice as indicated by decreased relative mineralizing surface (rMS/BS, 47--59%, *P* \< 0.05) and relative bone formation rate (rBFR/BS, 64--75%, *P* \< 0.001).[@R62] Bone responsiveness was equally decreased in mice in which STAT3 is inactivated either in early osteoblasts (Col3.6-Cre) or in mature osteoblasts (Col2.3-Cre). These data indicate loss-of-function mutations of STAT3 decrease the osteogenic response following mechanical loading.

![**Figure 3.** Mechanical loading increase STAT3 expression in bone tissues. STAT3 positive osteoblasts at the periosteal surface of ulna and osteocytes in the cortex (indicated by arrows) were present in the loaded ulna (**B**) but not in the control ulna (**A**) by immunohistochemical staining with anti-STAT3 antibody, suggesting the involvement of STAT3 in mechanotransdcution.](jkst-2-e23930-g3){#F3}

STAT3 regulates cell respiration in mitochondria besides its action on gene transcription via binding specific gene-promoter sequences in nucleus. Without STAT3, for instance, an electron transport chain in mitochondria is inhibited leading to accumulation of reactive oxygen species (ROS) in osteoblasts.[@R62] Clinical evidence suggests interplay between oxidative stress and age related bone loss. One reason is that oxidative stress antagonizes wnt signaling. Wnt molecules, on the other hand, have anabolic effect on bone formation. Indeed, ROS levels is higher in STAT3 deficient primary osteoblasts.[@R62] It is known that mitochondrial activity is increased in response to physical activities. Therefore, high ROS level due to the lack of STAT3 in osteoblasts may antagonize bone anabolic factors and attenuate the mechanically induced new bone formation.

Future Direction
================

The future research includes identification of downstream genes affected by JAK-STAT pathway in osteoblasts. The STAT3 signaling upregulates the expression of receptor activator of nuclear factor κB ligand (RANKL) in osteoblasts, suggesting that the IL-6-gp130-STAT3 signal regulates the differentiation of osteoclast indirectly through the osteoblasts.[@R63] However, the role of STAT3 in osteoclast activity in vivo has not been elucidated. This can be achieved using a conditional knockout moue model in which STAT3 inactivation occurs specifically in osteoclasts. In addition, osteocytes have been considered as the cells in bone tissue that sense the mechanical forces. All the member of IL-6 family have found in osteocytes. It is useful to find out if JAK-STAT signaling plays a role in sensing mechanical stress in bone. Further, it is of great interest to skeletal biologists understanding if the current anabolic and anti-resorptive drugs used to treat osteoporosis affect JAK-STAT signaling in osteoblasts and osteoclasts.

Previously published online: [www.landesbioscience.com/journals/jak-stat/article/23930](http://www.landesbioscience.com/journals/jak-stat/article/23930/)
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